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SUMMARY 

I g n i t i o n  de lay  t imes f o r  t h e  hydrogen/oxygen/carbon d iox ide /argon system 
were ob ta ined behind r e f l e c t e d  shock waves. A d e t a i l e d  k l n e t i c  mechanism 
modeled our exper lmental  hydrogen/oxygen data,  Skinner and R ing rose ' s  n ign-  
p ressure  data,  and Slack and G r i l l o l s  hydrogen/a i r  data.  

cu chaperon e f f i c i e n c y  of 7.020.2 was determined. The r e a c t i o n  pathway 
H02 + H202 + OH + H was r e q u i r e d  t o  model t h e  h lgh-pressure  data.  I t  i s  sug- 

I gested t h a t  some of t h e  lowest  temperature da ta  p o i n t s  (1.0 and 0.5 atm) f o r  
Slack and G r i l l o ' s  hydrogen/air  experiments a r e  i n  e r r o r .  I t  was found t h a t  
t h e  technique of s i m p l i f y i n g  a d e t a i l e d  k i n e t i c  mechanism f o r  a l i m i t e d  range 
o f  exper imental  da ta  may render t h e  model useless f o r  o t h e r  t e s t  c o n d i t i o n s .  
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I g n i t i o n  de lay  t imes f o r  t w o  Nat lonal  Aerospace Plane engine t e s t  f a c i l i -  
ties w i t h  d l f f e r e n t  p r o p e l l a n t  combinations, (1) monomethyl hyd raz lne /n l t rogen  
te t roxlde/oxygen/ni t rogen and ( 2 )  propane/oxygen/alr were modeled. P r e l i m i n a r y  
analyses i n d i c a t e  t h a t  t h e  oxides o f  n i t r o g e n  s t r o n g l y  a f f e c t  t h e  i g n i t i o n  
de lay  t ime.  

INTRODUCTION 

When hydrogen i s  admi t ted  t o  a stream o f  high-temperature a i r ,  I n i t i a t i o n  
r e a c t i o n s  produce smal l  q u a n t i t i e s  o f  atoms and f r e e  r a d i c a l s .  
and f r e e  r a d i c a l s  then grow i n  an exponent ia l  f a s h i o n  v i a  a branched-chain 
k i n e t i c  scheme. When s u f f i c i e n t  concent ra t ions  o f  atoms and f r e e  r a d i c a l s  a r e  
a t t a i n e d ,  t h e r e  i s  an exponent ia l  r l s e  I n  the  temperature and pressure .  The 
t ime  i n t e r v a l  between h e a t i n g  the  m ix tu re  and t h e  exponent la l  p ressure  and 
temperature r l s e  i s  c a l l e d  t h e  i g n i t i o n  de lay  t ime. 

These atoms 

A t  t h e  low s t a t i c  temperatures and moderate pressures used t o  study super- 
sonic combustion o f  hydrogen w i t h  v i t i a t e d  a i r ,  t h e  progress o f  t h e  r e a c t i o n  
i s  i n h l b i t e d  by t h e  three-body r e a c t i o n  
o f  i n h i b i t i o n  i s  a f u n c t i o n  o f  t h e  pressure, t h e  temperature, and t h e  chaperon 
e f f i c i e n c y  o f  t h e  th i rd -body  molecule (M). 
cen t  water vapor (chaperon e f f i c i e n c y ,  21.3) i n  s t o i c h i o m e t r i c  hydrogen/a i r  
( a t  1 atm and 960 K )  Increases t h e  I g n i t i o n  de lay  t ime  f r o m  0.31 t o  14.2 msec. 
Exper imen ta l l y  determined values f o r  t h e  chaperon e f f i c i e n c y  o f  water range 
f rom 18.4 t o  71. 
vapor, t h e r e  i s  a d e f i n i t e  need f o r  a more accura te  de te rm ina t ion  o f  i t s  t h i r d -  
body e f f i c i e n c y .  

H + 02 + M e H 0 2  + M. The amount 

For example, as l i t t l e  as 10 per -  

Since v i t i a t e d  a i r  may c o n t a i n  as much as 30 pe rcen t  water 

Recent ly,  Stein, Y e t t e r ,  and D r y e r  ( r e f .  1 ) ,  us ing  a f l o w  tube r e a c t o r ,  
r e p o r t e d  values f o r  t h e  chaperon e f f l c l e n c y  o f  water vapor and carbon d i o x i d e .  



The va lue  they  repor ted f o r  carbon d i o x i d e  was much l a r g e r  than those i n  t h e  
p resen t  l i t e r a t u r e  and should be conf i rmed b e f o r e  one accepts t h e i r  water 
value. 

The o b j e c t i v e  o f  t h i s  research was t o  d e t e r m i n e ' t h e  th i rd -body  e f f i c i e n c y  
o f  carbon d i o x i d e  i n  a shock tube and t o  compare i t  w i t h  t h e  va lue  repo r ted  by 
S t e i n  e t  a l .  Therefore, we ob ta ined i g n i t i o n  de lay  t imes behind r e f l e c t e d  
shock waves f o r  two gas m ix tu res .  The f i r s t  m ix tu re ,  c o n t a i n i n g  4 pe rcen t  
hydrogen, 2 percent oxygen, and 94 percent  argon, was used t o  develop a k i n e t i c  
mechanism t o  model t h e  i g n i t i o n  de lay  t imes.  The second m ix tu re ,  c o n t a i n i n g  
t h e  same hydrogen and oxygen concen t ra t i ons ,  had 10 pe rcen t  carbon d i o x i d e  
added t o  i t . The da ta  f o r  t h i s  m i x t u r e  was used t o  d e r i v e  t h e  th i rd -body  
e f f i c i e n c y  o f  carbon d i o x i d e  w i t h  t h e  a i d  o f  t h e  k i n e t i c  mechanism developed 
t o  model t h e  f i rs t  m ix tu re .  

RESULTS AND DISCUSSION 

I g n i t i o n  Delay Times 

The apparatus and exper imental  d e t a i l s  have been descr ibed i n  a p rev ious  
p u b l i c a t i o n  ( r e f . 2 ) .  The i g n i t i o n  de lay  t ime  was measured by m o n i t o r i n g  t h e  
pressure  h i s t o r y  behind t h e  r e f l e c t e d  shock wave. The q u a r t z  p ressure  t r a n s -  
ducer l o c a t e d  7 m f rom t h e  r e f l e c t i n g  su r face  was used f o r  t h i s  measurement. 
A n y l o n  ho lde r  was designed t o  comple te ly  i s o l a t e  t h e  pressure  t ransducer  f rom 
the  meta l  w a l l s  o f  t h e  shock tube. This  ho lde r  produced a very  q u i e t  p ressure  
h i s t o r y  and al lowed us t o  measure t h e  t i m e  when t h e  pressure  f i r s t  s t a r t e d  t o  
r i s e  ( f i g .  1). 

The i g n i t i o n  de lay  t ime measured i n  these experiments was d e f i n e d  as t h e  
t i m e  i n t e r v a l  between shock r e f l e c t i o n  and t h e  i n i t i a l  r i s e  i n  the  i g n i t i o n  
pressure .  The pressure change a t  t h e  t ime  o f  t h e  i n i t i a l  r i s e  i s  es t imated  t o  
be about 2 percent.  A t y p i c a l  p ressure  h i s t o r y  i s  shown i n  f i g u r e  1. A gas 
composi t ion o f  4 percent  hydrogen, 2 percent  oxygen, and 94 percent  argon was 
se lec ted  because i t  produced de lay  t imes g r e a t e r  than 100 psec i n  t h e  d e s l r e d  
temperature range. This  i s  impor tan t ,  s ince  prev ious  work ( r e f . 3 )  suggests 
t h a t  even a t  a l o c a t i o n  7 mm f r o m  t h e  r e f l e c t i n g  sur face ,  a smal l  b u t  s i g n i f i -  
can t  e r r o r  r e s u l t s  when de lay  t imes a r e  l e s s  than 100 psec. I g n i t i o n  de lay  

' t i m e  measurements f o r  temperatures over 1300 K cou ld  n o t  be used s ince  they 
were q u i t e  d i f f i c u l t  t o  measure because t h e  ampl i tude o f  t h e  exper imenta l  i g n l -  
t i o n  pressure  s t e a d i l y  decreased as t h e  r e a c t i o n  temperature increased. The 
lower temperature l i m i t  was imposed by the  maximum a v a i l a b l e  t e s t  t ime behind 
r e f l e c t e d  shock waves. 
t u r e s  a r e  shown I n  f i g u r e s  2 and 3. 

The i g n i t i o n  de lay  t imes measured f o r  t h e  t w o  gas m i x -  

Schot t  and Kinsey ( r e f .  4) showed t h a t  t h e  i g n i t i o n  de lay  t ime  f o r  a l l  o f  
t h e i r  da ta  c o u l d  be scaled as de lay  t ime  x oxygen c o n c e n t r a t i o n .  
o f  our da ta  were obtained from gas m ix tu res  c o n t a i n i n g  2 pe rcen t  oxygen, de lay  
t i m e  x p ressure  was p l o t t e d  aga ins t  r e c i p r o c a l  temperature. The dashed l i n e  
o f  f i g u r e  2 represents Scho t t  and K insey ' s  incident-shock-wave da ta  c a l c u l a t e d  
f o r  our gas m ix tu re  by t h e i r  c o r r e l a t i o n  equat ion :  

S lnce  a l l  
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The agreement is very good for shock tube data. 
data are about 20 percent lower than the present reflected shock-wave-data. 
This behavior is exactly what one would expect when Incident-shock-wave data 
have not been corrected for boundary layer effects. Belles and Brabbs (ref. 5) 
showed that the residence time would be 4 to 16 percent longer when corrections 
for the boundary layer are applied. The solid line shows the predictions of 
our kinetic model. 

Their incident-shock-wave 

K1 netic Mechani sm 

Ignition delay times were calculated with the chemical kinetic computer 
code of Radakrishnan and Bittker (ref. 6) and the kinetic mechanism in table I. 

reacting species (Table I shows reactions (1) to (20).) Reverse rates were 
calculated via the equilibrium constant and the forward rates. All rate con- 
stants are listed as expressed in the references and any variations in the 
rates are shown in the Adjustment factor column. The computed ignition delay 
time was defined as the time at which the pressure increases 2 percent: this 
time corresponds to our best estimate of the experimental pressure rise at the 
measured ignition delay time. 

TL- L . . A  - . .4A. .J .4- . .  ---L--&..- - - - - A - L -  
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The kinetic model was fitted to the high-temperature data by varying the 
rates of reactions ( 2 ) ,  (3), and ( 7 ) :  

H t 02 + O H  t 0 
0 t H2 + O H  + H 

H2 t 02 k OH + OH 

The rate for reaction ( 2 )  was increased 20 percent, which is well within the 
experimental error of the data. This increase brought the rate to within 
10  percent of the value recommended by Baulch et al. (ref.7) and into agreement 
with the value recomnended by Roth and Just (ref. 8). Jachimowski and Houghton 
(ref. 9) studied the initiation reaction (7) and determined a value of 1.7~1013 
exp (-48150/RT) for the rate constant. According to them, the rate constant 
was good to within a factor of 3. 
reaction is well within their error. At the low-temperature end of the data, 
the model was fitted by small adjustments in reactions (4) and ( 1 2 ) :  

Thus, an adjustment factor of 2 for this 

H t 02 t M k H 0 2  + M 
H + H02 +OH t OH 

Reaction (12)  is the primary path by which H02 molecules are consumed in the 
low-pressure region. This rate constant was Increased by 20 percent. 

Once a fit to the data was established, the kinetic mechanism was simpll- 
fled by removing reactions which were found to be unimportant when fitting the 
present data. 
with mechanism simplification: 
very well, but it completely missed Skinner and Ringrose's high-pressure data 
(ref. lo), and in some cases ignition did not occur. This problem resulted 
because the reaction pathway H02 + H202 + OH + H was omitted in the reduced 
mechanism. 
the rate of production of H02 via reaction ( 4 )  is much faster than the rate 

At this time, we encountered one of the pitfalls associated 
The new mechanism modeled the present data 

This pathway is very Important in the high-pressure region where 
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of branching via reaction (2). 
mechanism to only the important reactions for a limited range of experimental 
data can render the mechanism useless for other test conditions. 

Dixon-Lewis and Williams (ref. 1 1 )  rather than Lloyd (ref. 12) because of the 
difference In the recommended value for reaction (17): 

This illustrates how reducing a detailed kinetic 

The set of rate constants used for reactions (13) to (19) were taken from 

The activation energy Lloyd assigned to the reaction was shown by Troe et al. 
(refs. 13 and 14) to be incorrect. 
on the rate of reaction (17), the rate constants assigned to reactions (13) to 
(19) were taken from reference 1 1 .  
(fig. 4) required a 20-percent increase in the rate constant for reaction (19): 

Since some of the other reactions depend 

The best fit to the high-pressure data 

Comparison of Kinetic Model with Hydrogen/Air Data 

One may wonder whether a kinetic mechanism developed from shock tube 
measurements of gas mixtures highly diluted with argon can be used for modeling 
practical gas systems. The stoichiometric hydrogen/air ignition-delay-time 
data of Slack and Grillo (ref. 15) allow one to test the appropriateness of 
such an approach to kinetic modeling. 

Slack and Grillo measured ignition delay times for stoichiometric 
hydrogen/air over the temperature range 1450 to 850 K and at four pressures 
(2.0, 1.0, 0.5, and 0.27 atm). The ignition delay times predicted by our pro- 
posed model are compared with Slack and Grillo's data in figure 5. Ignition 
delay times were calculated for two comnonly used third-body efficiencies of 
nitrogen and oxygen (1.5 and 1.3). The best fit to the data was obtained for 
an efficiency of 1.3, which is the value recommended by Baulch et al. (ref. 7). 
The model predictlons are in good agreement with the data for the three highest 
pressures and for temperatures above 950 K. The disagreement between the model 
predictions and the 0.27 atm data is somewhat surprising since at this pressure 
ignition depends only on reactions (2), (3), and (7), whose rates are all well 
known. It is believed that this data may be affected by either slow vibra- 
tional relaxation of nitrogen or the maximum test time behind very low pressure 
shock waves. The lack of agreement between the model predictions and the data 
below 950 K Is the same behavior that Hitch et al. (ref. 16) reported i n  their 
study of three hydrogen/air kinetic mechanisms. In this temperature region, 
all three models predicted longer delay times than Slack and Grillo measured. 
Two observations became apparent. First, the 0.5 and 1.0 atm data do not show 
the large Increase in delay time with a small decrease In the temperature that 
are shown by Slack and Grillo's 2.0-atm and our 1.1-atm data. Second, the 
longest delay times measured are about 1 msec. A possible explanation for 
this behavior is that these measured delay times are affected by the maximum 
available test time. 

The maximum test time behind a reflected shock wave is the time interval 
between shock reflection and the arrival of the reflected disturbance produced 
by the interaction between the reflected shock wave and the contact surface. 
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This reflected disturbance can be either a shock wave or a rarefaction wave. 
Flgure 1 shows that the reflected disturbance for our experimental setup is a 
shock Wave. This shock wave Can easlly cause a reacting mixture to ignite. 
The maximum test time calculated for our test apparatus was 3.1 msec, which 
compares well with the average experimental value of 3.3 msec. For the appara- 
tus used by Slack and Grillo (ref. 15), we calculated a test time of 1.2 msec 
for a is-ft test section, and of 1.0 msec for a 12-ft test section. The agree- 
ment between the calculated maximum test times and the delay times measured 
for these low-temperature experiments, suggests that the data are a measure of 
the maximum test time and not the ignition delay time for hydrogen/air. 

Carbon Dloxide Chaperon Efficiency 

The chaperon efficiency for carbon dioxide was determined by modeling the 
ignition delay times obtained for the hydrogen/oxygen mixture containing 
10 percent carbon dioxide. 
straight-forward procedure because the third-body efficiency of carbon dioxide 
is the only adjustable parameter. 
dioxide with H atoms and OH radicals must be added to the hydrogen/oxygen 
mechanism: 

The calculation with the detailed mechanism is a 

For completeness, the reactions of carbon 

CO t OH +CO2 + H 
CO + H02 +C02 + OH 

Note that the actual rate constants used are for the reverse o f  these two 
reactions because they are better known. Model predictions for a chaperon 
efficiency o f  1.0 for carbon dioxide showed that the carbon dioxide molecule 
was not inert. 

The delay times calculated were found to be about 2 percent longer than 
those calculated for the hydrogen/oxygen mixture. This difference was produced 
by the slight inhibiting affect of reaction (21), which competes with reactions 
(2) and (4) for H atoms. The best fit to the hydrogen/oxygen/carbon dioxide 
data i s  for a chaperon efficiency of 7.0, which is shown in figure 7. The 
carbon dioxide chaperon efficiency of  7.020.2 relative to argon is in good 
agreement wlth the value of 7.3 found by Lewis and Von Elbe (ref. 17), and is 
slightly larger than the value of 5.0 recommended by Baulch et al. (ref. 7). 
However, it i s  much smaller than the value of 14 relative to nitrogen, or 21 
relative to argon suggested by Stein et al. (ref. 1). Model predictions for 
this value of the chaperon efficiency are shown in figure 6. 

Vitiated Air Effects on Scramjet Ignition 

The hydrogen/oxygen/argon kinetic mechanism in table I was extended to 
include reactions for the hydrogen/oxygen/nitrogen system (table 11). This 
kinetic mechanism was used to model ignition of hydrogen/vitiated air for two 
NASP engine test facilities (ETF's). ETF-1 produced vitiated air via the 
propellant cornbination monomethyl hydrazlne/nitrogen tetroxide/oxygen/nitrogen 
and ETF-2 produced vitiated air via the propellant combination 
propane/oxygen/air. 
the start of the ignition calculation for the two test facilities. 

Table I11 compares the hydrogen/vitiated air mixtures at 
The table 
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shows that ETF-1 contains more water but less carbon dioxide than ETF-2 and 
that both contain equal and significant amounts of NO,. 

The propellant combination stoichiometry for each test facility was 
adjusted to simulate the Mach 8 stagnation temperature and pressure (2611 K 
and 190.6 atm) for flight at an altitude of about 90,000 ft. For each test 
facility, the mole fraction In the propellants was adjusted so that the oxygen 
mole fraction in the combustion products was the same as for air. The combus- 
tion products were expanded i n  equilibrium to a slightly supersonic Mach num- 
ber and then expanded kinetically to a Mach number of 6.5. This simulated the 
design Mach numbers for the ETF nozzles. However, a simple conical expansion, 
rather than a contoured design, was assumed for the facility nozzle. 

pression process through an engine inlet, the product composition was assumed 
to be frozen at the Mach 6.5 condition, and at the static pressure, tempera- 
ture, and Mach numbers specified at the combustor entrance station. These 
conditions were taken from scramjet cycle calculations. A mixture temperature 
was then calculated for the addition of a stoichiometric amount of hydrogen at 
a temperature of 667 K. 

Since the one-dimensional kinetics program could not simulate the com- 

Kinetic calculations of the combustion process were performed for both 
vitiated airs and a standard d r y  air composition for two combustor entrance 
conditions resulting from different inlet contraction ratios. Calculations 
were performed for each of these Inlet conditions for both constant-area and 
divergent-area combustor geometries. 

RESULTS 

The ignition process is shown In figure 7 as pressure versus distance in 
centimeters for a constant-area combustor geometry at a mixture temperature of 
about 1000 K .  
rise in the pressure. 
test facilities and for dry air at the same temperature are shown in this fig- 
ure. 
for the two ETF's, but these ignition distances are considerably shorter than 
that calculated for air. Calculations for a divergent-area (area ratio, 1.8) 
combustor geometry are shown in figure 7. 
distances is minor (approximately 7 percent), but in this case air did not 
ignite In the 81-cm combustor length. Table IV compares the calculated dis- 
tance for the ETF's and air at two inlet conditions and for two combustor 
geometries. 

Ignition was deemed to occur when there was a near vertical 
Comparisons of ignition for vitiated air from the two 

Differences in ignition are relatively minor (approximately 5 percent) 

Again the difference in ignition 

DISCUSSION 

Ignition of hydrogen in the temperature range of 950 to 1050 K and at 
pressures above 1 atm are controlled by the competition for hydrogen atoms by 
the branched-chain reaction 
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and t h e  t e r m i n a t i o n  r e a c t i o n  

H + 02 + M +H02 + M ( 4 )  

The H02 r a d i c a l  i s  a f a i r l y  unreac t ive  produc t .  
c r i t i c a l l y  dependent on t h e  pressure  and t h e  chaperon e f f i c i e n c y  o f  t h e  t h i r d -  
body molecule ( M ) .  If H i s  water  or  carbon d iox ide ,  t h e  e f f i c i e n c i e s  a r e  con- 
s i d e r a b l y  h ighe r  than f o r  n i t r o g e n ,  hydrogen, and oxygen and one would assume 
t h a t  i g n i t i o n  delays f o r  v i t i a t e d  a i r  p roduc ts  and hydrogen would be longer  
than f o r  a i r  and hydrogen. Th is  j s  not  t h e  case: i g n i t i o n  d is tances  c a l c u l a -  
t e d  f o r  t he  two E T F ' s  were much shor te r  than t h a t  c a l c u l a t e d  f o r  a i r  ( f i g .  6 ) .  
A comparison o f  t h e  i g n i t i o n  d i s tance  f o r  ETF-1 w i t h  t h a t  o f  ETF-2 shows t h e  
smal l ,  b u t  measurable, i n h i b i t i n g  e f f e c t  o f  water .  

The r a t e  o f  r e a c t i o n  ( 4 )  i s  

I n  any hea t ing  process, when the temperatures a r e  h i g h  enough, thermal  
NOx i s  produced (NO and N02). 
remains r e l a t i v e l y  cons tan t  d u r i n g  expansion through a f a c i l i t y  nozz le .  Thus, 
t he  r e a c t i o n  mechanism i n  the  scramjet combustor becomes much more compl icated.  
The r e a c t i o n  

The sum o f  t h e  mole f r a c t i o n s  o f  these species 

f o l l o w e d  by 

prevents  t h e  b u i l d  up o f  H02 and regenerates t h e  hydrogen atoms necessary f o r  
I g n i t i o n .  NO i s  regenerated by r e a c t i o n  (28 ) ,  

a lmost  as f a s t  as i t  i s  consumed by r e a c t i o n  (25) .  For t h e  cases examined i n  
t h i s  paper, a l though t h e  NOx e n t e r i n g  t h e  scramjet  t e s t  engine has a mole 
f r a c t i o n  of o n l y  about 0.9 percent ,  i t  has a dominant e f f e c t  on t h e  I g n i t i o n  
d i s t a n c e .  I t  o f f s e t s  t h e  i n h i b i t i n g  e f f e c t  o f  t h e  l a r g e  amounts o f  water  and 
carbon d i o x i d e  i n  the  v i t i a t e d  products. 

D u r i n q  f l i g h t  through t h e  atmosphere, however, i t  i s  u n l i k e l y  t h a t  s i g n l -  
f i c a n t  amounts of n i t r i c  ox ide  can be formed i n  the  i n l e t  compression process 
except  a t  very  h i g h  Mach numbers o r  p o s s i b l y  I n  t h e  boundary l a y e r  because t h e  
fo rma t ion  r e a c t i o n s  a re  r e l a t i v e l y  s l o w .  Hence, t h e  hydrogen atom removal 
through fo rma t ion  o f  H02 becomes dominant even w i t h  t h e  lower  chaperon e f f i -  
c i ency  o f  th'e d ia tomic  molecules.  

I t  has been shown elsewhere t h a t  even sma l le r  concen t ra t i ons  o f  ox ides o f  
n i t r o g e n  can s u b s t a n t i a l l y  shor ten  i g n i t i o n  delays f o r  hydrogen/a l r  m ix tu res .  
Thus, t h e  a d d i t i o n  of NO,, perhaps i n  t h e  fo rm o f  n i t r o g e n  t e t r o x l d e ,  may 
p r o v i d e  an e f f e c t i v e  i g n i t i o n  source f o r  hydrogen a t  marg ina l  c o n d i t i o n s .  
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TABLE I .  - HYDROGEN/OXYG€N REACTIONS 

React ion  
number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 
14 
1 5  
16 
17 
18 
19 
20 
21 
22 

React ion 

OH t H2 + H20 + H 
H + 0 2 + O H + O  
O t H 2 + O H + H  

H t 0 2  + M  H02 + M  
H2 t M L H t H t M 
02 t M + 0 t 0 t M 
H2 t 02 + OH + OH 

H20 t M  H + O H  t M  
0 t H20 OH + OH 
H t H02 + H2 t 02 
0 t H02 L OH + 02 
H t H02 + OH + OH 

OH t H02 + H20 + 02 
H t H02 + 0 t H20 

H2 + H02 + H202 + H 
OH + H202 + H20 + H02 
H02 t H02 H202 + 02 

H + H202 + OH + H20 
M t H202 + OH + OH 
O t H t M  O H t M  

C02 + H 
CO + H02 + C02 t OH 

C O  t OH 

Rate c o e f f i c i e n t a  

Ad j us tment 
f a c t o r  

A 

2.1 x i  013 
1 . 3 8 ~ 1  O1 
2 .96~1013 

2.1 xlO18 
2 .2~1014  
1 .8x1Ol8 
1 . 7 ~ 1 0 1 3  
2.2x1016 
6 . 8 ~ 1  O1 
1 . 4 ~ 1 0 1 3  
5 . 0 ~ 1 0 1 3  
1 . 7 ~ 1 0 1 4  
8 .Ox1 012 
1 . 7 ~ 1 0 1 3  
6 .0~1011  
6.1 ~ 1 0 1 2  
2.0xl012 
7 .8x1 011 
1 . 2 ~ 1 0 1 7  
7 . 1 ~ 1 0 1 8  

4.1 7x1 O1 
5 .75~1013 

E 

5 100 
16 400 
9 800 

96 000 
118 020 

48 150 
105 140 

18 365 

1 000 
1 070 
2 980 
1 070 

18 500 
1 430 

- - - ._ . - - 

- - - - - - - 

- - - - - - - 
- - - - - - - 

45 510 

1 000 
22 930 

- - - - - - - 

a k = ATn exp(-E/RT) i n  u n i t s  o f  mo l ,  cm3, sec, c a l .  
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TABLE 11. - HYDHOGkN/OXYGtN/NIl ROGEN R E A C I  IONS 

n 

1 .o 
0 
0 

0 
-2.5 

I 
I 

lReac t i on I React ion I Rate c 

E 

4 100 
47  690 

- 4 7 7  
596 

-1 160 
1 470 

50 410 
41 370 
76 250 

0 

28 020 
26 630 

65 000 

1 5  100 
29 000 
-3 800 
-1 700 

0 
-600 

0 

I "IJmber I 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

38 
39 
40 
41 
42 

~ 37 

A 
C O + O + M + C 0 2 + M  

H02 + NO + NO2 + OH 
0 t NO2 e NO t 02 

N O + O t M *  N 0 2 + M  
NO2 t H + NO + OH 

NO t H 7 N t OH 
N O + O + N + 0 2  

N + NO2 + 2N0 
N 2 0 t M + N 2 +  O + M  

0 + N20 + N2 + 02 
0 + N20 + 2N0 

N20 t H + N2 t OH 
N20 t H2 e "02 t H 

OH t NO2 t M + "03 + M 
OH t NO t M 

HNO t H + H2 t NO 
~ H t N O t M e H N O t M  

HNO t OH + H30 t NO 

co  + 02 * c02 + 0 

0 t N2 NO t N 

"02 + M 

5 . 9 ~ 1 0 ~ ~  
2 . 5 ~ 1  012 

2 .09x101 

5 . 6 2 ~ 1  O1 5 
3 .47~1014  
2 . 6 3 ~ 1  014 

3 . 8 ~ 1  O9 
1 .82x1Ol4 

4 . O x l O 1  
6 .92~1023 

6 . 9 2 ~ 1  O1 
7 . 5 9 ~ 1  O1 

1 .ox1013 

1 .ox1014 

2 .4~1013  
3 .Ox1 015 
5 .6~1015  
5 . 0 ~ 1 0 1 2  
5 . 4 ~ 1 0 1 5  
3 . 6 ~ 1 0 ~ 3  

a k = A l n  exp(-E/RT) i n  u n i t s  o f  m o l ,  cm3, sec 

TABLE 111. - MAJOR SPECIES OTHER 

THAN OXYGE,N, HYDROGEN, AND 

N I 1  HOGEN 

Species Composit ion o f  m i x t u r e  i n  
t e s t  f a c i l i t i e s ,  

pe rcen t  I l l -  E T F - l a  ETF-2b ETF-l/ETF-2 

0.60 
1.35 
1 .o 
1 .o 

a p r o p e l l a n t  used i n  engine t e s t  
f a c i l i t y  1 ( E T F - l ) ,  monomethyl 
hyd raz i  ne /n i  t rogen t e t r o x i d e /  
oxygen/n i t rogen.  

propane/oxygen/air.  
bPrope l l an t  used i n  ETF-2, 
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TABLE I V .  - CALCULATED I G N I l I O N  D I S T A N C t  FOR TWO ENGINE 
TESI FACILITLES - ETF-1 AND ETF-2 - AND STANDARD A I R  

Temperature, 
K 

Pressure, I g n i t i o n  d i s tance ,  
a t m  1 cm 

I I 

E T F - I ~  

I I I 

Combustor geometry 

Constant D ivergent  
area area 

960 3.1 27.2 no i g n i t i o n  
1002 2 .7  12 .5  18.6 

H2/ai r 992 2 .7  
961 2.7 
961 2.0 
961 1 .o  

70 no i g n i t i o n  

J no i g n i t i o n  
no i g n i t i o n  

50 

aPrope l l an t  used i n  ETF-1, monomethyl hydraz ine /  

bPrope l l an t  used i n  ETF-2, propane/oxygen/air.  
n i t r o g e n  tetroxide/oxygen/nitrogen. 

TIME - 
FIGURE 1 .  - TYPICAL PRESSURE HISTORY 7 M FROM END OF SHOCK TUBE. 
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0 EXPERIMENT 
KINETIC MODEL F I T  TO DATA 4x103 

~ 1 ---- SCHOTT'S INCIDENT 
SHOCK TUBE DATA 

h 2  
ln 
1 

W CT 
a 

E .8 
$ 1  w 

CHAPERON 
EFFICIENCY 

OF co2 

$ 0 EXPERIENl 
d 4  
1 

W CT 

U J  W 
p: L 

2 2  

x 1  r .8 
I- 

> .6 
4 x .4 
L 
0 
c 
z . 2  
I? 

,1  
.75 - 8 0  - 8 5  -90 .95 1.00 1.05 1.10 

RECIPROCAL TEMPERATURE. 1031~ .  ~ - 1  

FIGURE 3.  - PRODUCT OF IGNITION DELAY 
TIME AND PRESSURE VERSUS RECIPROCAL 
TEMPERATURE FOR 4 PERCENT HYDROGEN/ 
2 PERCENT OXYGEN/10 PERCENT CARBON 
DIOXIDE/84 PERCENT ARGON MIXTURE. 
BEST F I T  TO THE DATA BY THE KINETIC 
MECHANISM WAS FOR A CARBON DIOXIDE 
CHAPERON EFFICIENCY OF 7.0. 

2oxP 0 

.2 1 ",9, ;E;f,z;; 

.1 
.90 .95 1.00 1.05 1.10 
RECIPROCAL TEWERATURE, 103/r, K - ~  

FIGURE 4. - IGNITION DELAY TINES E A S -  
URED BY SKINNER AT A PRESSURE OF 5.0 
ATP( FOR 8 PERCENT HYDROGEN/2 PERCENT 
OXYGEN/90 PERCENT ARGON MIXTURE 
(REF. 10). 

lo' 1 0 P = 2.0 ATH } EXPERIMENT 

- ' (N2 = la5) } KINETIC MODEL ---- M (Ng = 1.3) 

A P = 0.5 ATH 

103 

102 

u 
v) = 
g 10' 
I- 

A = ''O 
0 P = 0 .27  ATH 

} EXPERIENT 

- M (N2 = 1.5) KINETIC MODEL ---- M (N2 = 1.3)  1 

RECIPROCAL TEHPERATURE. 1 0 ~ 1 ~ .  ~ - 1  

FIGURE 5. - CWARISOW OF KINETIC MDEL WITH 
STOI CH I W T R  I C HYDROGEN/AI R IGNITION DELAY 
T I E S  EASURED BY SLACK FOR FOUR PRESSURES 
(REF. 15). 
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FIGURE 6. - CALCULATED PRESSURE PROFILE FOR COMBUSTION OF HYDROGEN I N  A DIMRGENT- 
AREA COMBUSTOR (AREA RATIO. 1.8) AS FUNCTION OF CMBUSTOR LENGTH FOR TWO ENGINE 
TEST FACILITIES - ETF-1 AND ETF-2. 
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( A )  ETF-1. ( B )  ETF-2. (C) STANDARD AIR. 

FIGURE 7. - CALCULATED PRESSURE PROFILE FOR COMBUSTION OF HYDROGEN I N  A CONSTANT-AREA COMBUSTOR AS FUNCTION OF COMBUSTOR LENGTH 
FOR TWO ENGINE TEST FACILITIES - ETF-1 AND ETF-2 - AND STANDARD AIR. 
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